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PREVENTIVE EFFECT OF NON-MITOGENIC ACIDIC FIBROBLAST 
GROWTH FACTOR ON DIABETES-INDUCED TESTICULAR CELL 
DEATH 
Melissa Skibba 
April 10, 2014 
Fibroblast growth factor (FGF)-1 was found to protect the heart from oxidative 
damage, but clinically its long-term use was restricted for its undesirable proliferating 
activity on cells. Thus a cluster of amino acids responsible for the proliferation were 
deleted in the native FGF-1 to create a non-mitogenic FGF-1 (nmFGF-1). To assess 
whether nmFGF-1 protects male germ cells from diabetes-induced apoptotic death, the 
study employed a murine model of diabetes using multiple low-doses of streptozotocin, 
followed by nmFGF-1 treatment for 6 months. Diabetic mice showed a decrease in 
testicular weight and an increase in apoptotic cell death. Treatment with nmFGF-1 
alleviated diabetic effects on testicular weight and apoptotic cell death. Mechanistically, 
nmFGF-1 alleviated diabetes-induced germ cell death by decreasing the BAX/Bcl-2 ratio, 
endoplasmic reticulum stress and associated cell death. Our results suggest that nmFGF-1 
application prevents apoptotic cell death in testes of diabetic mice from mediation which 
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Diabetes is a global health concern and over the years, the number of those 
diagnosed with diabetes continues to increase. Diabetic complications include 
cardiovascular disease, neuropathy, retinopathy, nephropathy, and hypoglycemia.  
There are two types of diabetes [1]: Type 1 (T1DM) and Type 2 (T2DM). The 
former is due to lack of insulin generated from β-cells in the pancreas and the latter is 
characterized by insulin resistance causing a lack of insulin secretion. Although T2DM is 
the main proportion at about 90%, the disease occurs at the relatively late period of life 
(after 40 years old) [1]; however, T1DM is diagnosed mostly in children and young 
adults.  It is known that males with diabetes can experience a decrease in testicular size, 
low testosterone levels, and testicular dysfunction; all result in infertility which is a 
common complication in diabetic men [2]. Several mechanisms have been proposed to 
relate infertility of men with diabetes. For instance, about 35-75% of males with diabetes 
develop autonomic neuropathy, leading to a loss of penile erection and retrograde 
ejaculation [3,4]. In addition, the autonomic neuropathy induced by diabetes causes an 
abnormally testicular sensation and vascular reflexes [4]. Testicular ischemia, imbalance 
of glucose metabolism and improper lipid storage can cause testicular cell death leading 





The testis, as the male gonad in mammals, forms part of the male reproductive 
system. Testes are components of both the reproductive system and the endocrine system. 
Spermatogenesis occurs within the seminiferous tubules of the testis. It is divided into 
three distinct phases: (a) spermatogonia proliferate, giving rise to spermatocytes; (b) 
spermatocytes go through two meiotic divisions, leading to the formation of spermatids; 
(c) spermatids go through extensive morphological remodeling, producing highly 
differentiated spermatozoa. In addition, spermatozoa continue to undergo a maturation 
process as they transit through various regions of the seminiferous epithelia within the 
seminiferous tubule. Germ cells at different developmental stages in the seminiferous 
epithelium possess their own distinct physiological features and respond differently to 
toxic stimuli such as ischemia. The complex process of spermatogenesis is orchestrated 
by adjacent Sertoli cells that support the maturation process by providing nutrition, 
hormones, and other mediators [5-8]. Sertoli cells also maintain the architectural and 
functional integrity of the seminiferous epithelium by mediating phagocytosis of germ 
cells that have died in the vicinity, predominantly via apoptosis [9-11]. Therefore, 
diabetes may affect the function of the endocrine cells in the male reproductive system 
(Leydig and Sertolic cells) and the spermatogenesis of germ cells (spermatogonia, 
spermatocytes, spermatids, and spermatozoon), leading to apoptotic cell death of these 
cells, the germ cells primarily. 
Apoptosis 
Apoptosis refers to programmed cell death triggered by various signals to remove 
unwanted cells during development, protect host cells, and prevent autoimmunity [12]. 
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Signals are mediated by proteases which are activated by zymogens via three major 
mechanisms. The extrinsic and intrinsic pathways are the two major pathways and use an 
energy-dependent cascade to activate their own initiator caspase, but use effector 
caspases, such as caspase-3, as the end caspase for apoptosis [13]. The intrinsic pathway 
(e.g., p53 pathway) also uses non-receptor stimuli to produce intercellular signals that act 
directly on its targets [13]. Apoptotic damage caused by diabetes, has been observed in 
several types of organs to strongly be related to the mitochondrial pathways regulated by 
Bax, Bcl-2, and Bak and the endoplasmic reticulum pathway using caspase-12 and 
CHOP; all categorized under the intrinsic pathway. The third mechanism is the granzyme 
pathway which works in a caspase-independent fashion. Apoptosis then utilizes an 
execution pathway to exhibit the normal apoptosis characteristics of chromatic 
condensation, cell shrinkage, apoptotic bodies and phagocytosis [13]. 
Apoptotic effect of diabetes on the testes has not been investigated extensively, 
and only a few apoptotic mechanisms have been identified thus far. The characterization 
of apoptosis in male germ cells can be uniquely identified by cellular swelling and 
decondensed-homogeneous chromatin, but also exhibit the classical morphology of 
apoptosis [14]. Age can also play a part in influencing the extent of apoptosis. Extensive 
studies in mice have shown that young individuals have a high incidence of apoptotic cell 
death in the testis compared to adults. This can be explained by the role of apoptosis to 
eliminate overproduced, abnormal, or damaged germ cells during the time spermatogonia 
undergo mitotic divisions [14]. To maintain genomic stability for DNA replication and 
repair, p53 regulates gene transcription by activating apoptosis [14]. The extrinsic 
pathway uses a cellular transmembrane protein, to also regulate germ cell apoptosis when 
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FasL binds to the Fas receptor forming the “death-inducing signaling complex.” 
However, Fas signaling is not required for germ cell apoptosis because when mutations 
were made to FasL and Fas, germ-cell apoptosis was not blocked [14]. This is due to the 
Bax signaling pathway inducing the apoptosis which then feeds into the Fas pathway. 
This was supported in experiments by Bozec et al. using wild-type mice to indicate that 
initiation of apoptosis is followed by cytoplasmic to paranuclear localization 
redistribution of pro-apoptotic Bax protein in germ cells [15].  
Germ cells are unique in that different stress situations activate distinct apoptotic 
cell death pathways. For example, for temperature-related stress, mitochondrial pathway 
is important for heat-induced germ cell death, but hypothermia activates both the 
mitochondrial and endoplasmic reticulum pathways [17,18]. We have demonstrated that 
diabetes predominantly induces testicular apoptotic cell death through mitochondrial and 
endoplasmic reticulum (ER) stress associated cell death pathways. This is caused by pro-
apoptotic factors and the glycation of end products to activate the caspase signaling and 
oxidative stress [19-21]. Several fibroblast growth factors (FGFs) were also found to play 
certain roles in diabetes-induced testicular germ cell death.  
Fibroblast Growth Factors (FGFs) 
The FGF family consists of 22 mammalian members that have shown to be 
important in regulating tissue patterning and organogenesis of several reproductive 
organs, including the testis. Primarily, the FGFs that are important in organogenesis are 
the paracrine factors including FGF-1-10, 16-18, 20, and 22; however, the endocrine 
factors comprising of FGF19, 21, and 23 can also be used to maintain normal 
spermatogenesis and protect from apoptosis [22].  
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FGF-1 and FGF-2 were the first two FGFs characterized and are identical in 55% 
of their amino acids [23]. Both are paracrine factors that have mitogenic activity and are 
expressed in embryogenesis during differentiation. Laslett et al. examined Leydig cell 
steroidogenesis and the effects of FGF-1 and FGF-2 using 5-, 21-, and 90-day-old rats 
[24]. The results of the experiments demonstrated that both FGF-1 and FGF-2 had 
stimulatory effects on basal LH-stimulated testosterone production. The increased 
testosterone production was caused by fetal Leydig cells and basal 5𝛼-androstane-
3𝛼,17𝛽-diol production in immature Leydig cells [24].  
All members of the FGF family are known to contain a heparin/heparin sulfate-
binding domain but only for some are these domains essential for their biological effect. 
FGF-1 and FGF-2 lack signal sequences to export out of cell using classical secretory 
pathways thus they use other ways to get exported [25]. FGF-1 uses a heat stimulus to 
export via the extravesicular protein synaptotagmin, while FGF-2 is released under 
situations of cell death [25]. Once exported, the FGFs are able to bind to heparin sulfate 
proteoglycans in the extracellular matrix [25]. This allows FGF-1 and FGF-2 to stimulate 
blood vessel growth for angiogenesis which can be useful in wound healing, but these 
FGFs are highly expressed in tumorigenic patients due to their proliferative nature which 
may aid in tumor growth. FGF-2 primarily stimulates the proliferation and migration of 
lymphatic and vascular endothelial cells to down regulate Ras-JNK signaling [22]. 
Whereas FGF-1 activates MMP-1 for endothelial cell migration and facilitates 
angiogenesis, FGF-1 also stimulates MMP-9 which is expressed in breast cancer cells to 
accelerate tumor invasion and metastasis [22]. 
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FGF-1 is distinctive from other FGF paracrine factors because it is considered 
“endocrine-like” in that it can act like a vasodilator, neuromodulator, and has been shown 
to protect the brain and heart from ischemic reperfusion [26-28].  FGF-1 also has the 
ability to stimulate blood vessel ingrowth for angiogenesis, useful in wound healing, 
which has been extensively supported by previous studies that showed FGF-1 to reverse 
diabetic wound healing in rats with skin lesions through increased cell proliferation [29, 
30]. Diabetes is highly associated with neuropathy and ischemia in various organs 
throughout the body including the testes. FGF-1 is known as a potential treatment for 
ischemia and neuropathy in the heart and spinal cord [28], but has not yet been 
investigated to treat diabetic complications in the testes.  
The present study was to examine the effect of FGF-1 on diabetic hyperglycemia 
in the testes to prevent oxidative stress associated cell death. However, FGF-1 usage as 
an in vivo application has been unsuccessful in that the excessive proliferative nature of 
native FGF-1 may lead a tumorigenic risk, thus a non-mitogenic form (nmFGF-1) was 
developed by deletion of the part responsible for the mitogenic function [31]. To explore 
whether chronic application of nmFGF-1, without undesirable long-term mitogenic 
effects can protect male germ cells from apoptosis caused by diabetes, we used multiple 
low-dose injections of streptozotocin (STZ) in FVB mice to induce a type-1 diabetes 
model. Diabetic and age-matched control mice were treated with and without nmFGF-1 
for 6 months. Its protective effect on diabetes-induced testicular cell death and potentially 







MATERIAL AND METHODS 
Animals and diabetes model 
All mice were housed in the University of Louisville Research Resources Center 
at 22 °C with a 12-h light/dark cycle with free access to food and tap water. All 
procedures were approved by Institutional Animal Care and Use Committee, which is 
certified by the American Association for Accreditation of Laboratory Animal Care. 
Eight weeks old male FVB mice were randomly divided into four groups: control (CON), 
diabetes (DM), nmFGF-1treated control (nmFGF-1), and diabetes treated with nmFGF-1 
(nmFGF-1+DM). To make the type-1 diabetes model, STZ (Sigma–Aldrich, St. Louis, 
MO) was dissolved in 0.1 M sodium citrate (pH 4.5) and given intraperitoneally to the 
mice with five daily doses of 50 mg/kg body weight. Corresponding control mice were 
given the same volume of sodium citrate buffer. Whole blood glucose levels were 
determined using mouse tail vein blood at 5 days after the last STZ injection. Mice with 
blood glucose level ≥250 mg/dl were considered diabetic. The nmFGF-1 was provided by 
Xiaoping Wu from Jinan University in which he amplified the plasmid pUC-nmFGF-1 by 
a standard polymerase chain reaction with the appropriate primers to eliminate the N 
terminal residues 1–27, purified, and transformed into E. coli strain BL21 [31]. The mice 
in the nmFGF-1 groups were intraperitoneally injected with nmFGF-1 at 10 µg/kg body 
weight daily until sacrificed. All mice were sacrificed 6 months after start of nmFGF-1 
treatment and testis tissue was harvested. 
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Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) 
Assay 
Testicular tissues were placed in a formalin solution for 2 days immediately after 
tissues were harvested from the mouse. The testicular tissue was then stored in an 80% 
ethanol solution until they were cut in half and exposed to 95% ethanol solution for 5 h 
and then another 95% ethanol solution overnight. The next day, the tissues were changed 
three times in 100% ethanol for 40 min each before treatment of 1:1 solution of xylene 
and 100% ethanol for 30 min. Then the tissues were put into four exchanges of dimethyl 
benzene for 20 min each. Following dimethyl benzene exposure, the tissues were 
transferred to three different liquid paraffin solutions for 40 min each. The paraffinized 
tissues were sectioned at 5 μm and embedded on slides with two groups each; CON (n=5) 
and DM (n=5); nmFGF-1 (n=4) and nmFGF-1 + DM (n=5).  
The sections were deparaffinized using two washings of xylene followed by 
rehydration using two solutions of 100% ethanol for 5 min each and then exposure to 
95% and 75% ethanol for 3 min each.   A minimum of 3 testes from different mice were 
used in each group and stained for TUNEL with the ApopTag Peroxidase In Situ 
Apoptosis Detection Kit (Chemicon, Temecula, CA). Each slide was deparaffinized and 
rehydrated, and treated with proteinase K (20 mg/l) for 15 min at room temperature. 
Slides were treated with 3% hydrogen peroxide to quench endogenous peroxidases for 5 
min, and then were incubated with TUNEL reaction mixture containing terminal 
deoxynucleotidyl transferase (TdT) and digoxigenin-11-dUTP at 37 °C for 1 h. Then 3,3-
diaminobenzidine chromogen was applied. Methyl green was used as counterstaining. 
Under the microscope, apoptotic cells exhibited brown nuclear staining as the TUNEL 
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positive and were quantitatively counted manually from at least 3 animals per group. The 
apoptotic cells were counted from spermatogonia, primary spermatocytes, and secondary 
spermatocytes, but not spermatid and spermatozoa. Results were presented as TUNEL 
positive cells divided by total number of seminiferous tubule cross sections to give an 
average per tubule and then multiplied by 100 for the total number of TUNEL positive 
cells in 100 tubules. 
Immunohistochemical staining 
Testicular tissues fixed in 10% neutral-buffered formalin were embedded in 
paraffin and sectioned at 5 μm as described in TUNEL staining. The sections were 
deparaffinized in xylene and rehydrated in graded alcohol solutions as explained in 
TUNEL staining. After sections were incubated with retrieval solution (Dako, 
Carpinteria, CA) for 15 min at 98 °C and then treated with 3% hydrogen peroxide for 15 
min at room temperature, samples were blocked with 5% BSA for 1 h. A minimum of 3 
testes per group were incubated with primary antibodies including anti-proliferating cell 
nuclear antigen (PCNA, 1:2000 dilution, Cell Signaling, Danvers, MA), Bax (1:200, Cell 
Signaling), Bcl-2 (1:200, Cell Signaling), and anti-4-hydroxy-2-nonenal (4-HNE, 1:200, 
Alpha Diagnostic International, San Antonio, TX) at 4°C overnight. After washing with 
PBS, these sections were incubated with horseradish peroxidase conjugated secondary 
antibody for 1 h at room temperature. For the development of positive cells, a brown 
color was created when peroxidase substrate 3,3-Diaminobenzidine was used (Vector 
Laboratories Inc., Burlingame, CA) and then hematoxylin was used as counterstaining. 
Quantification for PCNA, Bax, and Bcl-2 were counted manually. Results were presented 
as positive cells divided by total number of seminiferous tubules to give an average per 
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tubule and then multiplied by 100 as described above for TUNEL studies. Quantification 
for 4-HNE was performed using the Image-Pro Plus 6.0 software, and presented as the 
fold of control for the integrated optical density (IOD), reporting the average 
intensity/density of each DAB-stained region. 
Western blot 
Protein extraction was first performed by homogenizing the testicular tissue from 
each group, CON (n=5), nmFGF-1 (n=5), DM (n=4) and nmFGF-1 + DM (n=4), in RIPA 
lysis buffer (Santa Cruz Biotechnology, Santa Cruz, CA) followed by centrifugation at 
2000 RPM for 1 min. The samples were oscillated for 4 h and at 12000 RPM for 15 min 
to separate the purified protein solution which was used for the western blot assay. The 
protein concentration was calculated using a standard curve determined from detection of 
protein samples after Bio-Rad Protein Assay Dye Reagent Concentrate (Life Science, 
Hercules, CA) was added using a plate reader spectrophotometer at 595 absorbance. 
The samples were prepared at the proper concentration using calculations from 
the plate reader with dilution in lysis buffer. Dithiothreitol (Sigma Aldrich, St Louis, 
MO) and loading buffer were added to the protein solution and heated at 95 °C for 5 min, 
followed by separation on 10% SDS-PAGE electrophoresis and transferred to a 
nitrocellulose membrane. The membrane was blocked with 5% non-fat  milk for 1 h, and 
incubated overnight at 4 °C with the following primary antibodies: Bax, Bcl-2, cleaved 
caspase-12, CHOP (Gadd), BiP (GRP78), and total AKT (all 1:1000 dilution and from 
Cell Signaling) as well as phospho-AKT (Ser473) and cleaved caspase-8 (all 1:500 
dilution and from Cell Signaling), TNF-α (1:500 dilution, Abcam, Cambridge, MA), 
ATF-4 (1:100 dilution, Abcam), Anti-Nrf2 (phospho at S40) (1:3000 dilution, Abcam), 
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Nrf2 (H-300) (1:3000, Santa Cruz Biotechnology), SOD2 and Catalase (1:5,000 dilution, 
Santa Cruz Biotechnology) and anti-β-actin (1:2000 dilution, Santa Cruz Biotechnology).   
The unbound antibodies were removed and the membranes were incubated with 
the horseradish peroxidase–conjugated secondary antibody for 1 h at room temperature. 
Specific bands were visualized using an enhanced chemi-luminescence detection kit 
(ECL, Thermo Scientific, Vernon Hills, IL). Quantitative densitometry was performed on 
the identified bands by using Image Quant 5.2 software. 
Statistical analysis 
Data was presented as mean ± S.D. (n > 3 per group). Comparisons were 
performed by one-way ANOVA for the different groups, followed by Tukey’s test with 








Evaluation of nmFGF-1 capacity to stimulate cell proliferation in the testis of mice 
The nmFGF-1 was created without the mitogenic effects on the tissue by 
suppressing the proliferative nature of native FGF-1 [31]; therefore, the testicular cell 
proliferation was evaluated by immunohistochemical staining using PCNA. PCNA 
staining demonstrated nmFGF-1 did not increase the testicular cell proliferation 
compared to the control mice (CON) that were injected with a sodium citrate buffer (Fig. 
1). After 6-months onset type-1 diabetes caused by STZ injections, the diabetic mice 
(DM) showed a significant increase in testicular PCNA-positive cells while nmFGF-1 
treatment (nmFGF-1+DM) prevented the significant increase in the testicular PCNA-
positive cells in diabetic mice (Fig. 1).  
Protection by nmFGF-1 from diabetes-induced testicular shrinkage 
Although there were some fluctuations in the diabetic mouse body weight gain 
(Fig. 2A), there were no difference for tibia lengthening (Fig. 2B) among groups. 
Therefore the testis weight was normalized with tibia length in each mouse (Fig. 2C). The 
nmFGF-1 group matched with the control while diabetic mice showed a significant 
decrease in the ratio of testis weight to tibia length at the 6th month after the onset of 
diabetes, consistent with previous studies [21],  which was prevented by nmFGF-1 
treatment in the diabetic mice (Fig. 2C). However, diabetic mice treated with nmFGF-1 
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had a significantly lower testicular weight compared to the control and non-diabetic 
nmFGF-1 mice (Fig. 2C). 
Protection by nmFGF-1 from diabetes-induced apoptosis 
Previous studies have demonstrated that diabetes induces apoptosis via both 
mitochondrial and ER pathways in the testes [21]. Induction of apoptosis was observed, 
by TUNEL staining, in diabetic mice 6 months after diabetes onset due to a significant 
increase in TUNEL-positive cells compared to control and nmFGF-1 groups (Fig. 3). 
Chronic treatment of nmFGF-1 significantly decreased the number of TUNEL-positive 
cells in diabetic mice. The TUNEL-positive cells were primarily in the spermatogonia 
and spermatocytes (Fig. 3).  
Using immunohistochemical staining (Fig. 4) and Western blot assay (Fig. 5A), 
an increase in Bax/Bcl-2 ratios was shown in mouse testes of diabetic mice, suggesting 
that the diabetes model is related to the mitochondrial cell death pathway. 
Immunohistochemical staining shows when diabetic mice are treated with nmFGF-1, 
there is a decrease in the Bax/Bcl-2 ratio compared to control and diabetic mice (Fig.4). 
When we looked that the Bax/Bcl-2 ratio using protein expression through Western blot 
assay, we observed that the increase in the ratio was predominantly due to the decrease in 
Bcl-2 in diabetic mice (Fig.5A), whereas the diabetic mice treated with nmFGF-1 caused 
a decrease in the ratio compared to the diabetic mice due to a suppression of Bax (Fig. 
5A).  
The decrease in Bax can be related to the function of an increased AKT causing 
an inhibitory action on Bax. Using the Western blot assay, it was shown that nmFGF-1 
increased the phosphorylated to total AKT ratio significantly in both the nmFGF-1 and 
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diabetic mice treated with nmFGF-1 compared to control (Fig. 5B). Diabetic mice 
showed a decrease in the AKT ratio compared to nmFGF-1 group and the diabetic group 
treated with nmFGF-1 had an AKT ratio significantly higher than the diabetic mice (Fig. 
5B). 
Next we examined several indicators of ER stress; BiP, caspase-12, CHOP, and 
ATF-4 (Fig. 6 and 7) by Western blot assay. BiP (Fig. 6A) and CHOP (Fig. 7A) were 
significantly increased in the diabetic mice, as found in previous studies [21], compared 
to control and nmFGF-1, but the activation of caspase-12 (Fig. 6B) was significantly 
increased in the diabetic mice compared to nmFGF-1 mice. Treatment of diabetic mice 
with nmFGF-1 showed a significant decrease in ER stress, reflected by BiP (Fig. 6A), 
CHOP (Fig. 7A), and ATF-4 (Fig. 7B) expression compared to those of untreated 
diabetic mice. In addition, nmFGF-1 treated diabetic mice showed a decrease in ATF-4 
compared to control and nmFGF-1 mice (Fig. 7B). There was no significant attenuation 
in caspase-12 activation in nmFGF-1-treated diabetic mice compared to untreated 
diabetic mice (Fig. 6B). 
The protection by nmFGF-1 from diabetes-induced receptor cell death pathway 
In previous studies of mice 4 months onset of diabetes and younger, diabetes was 
shown to increase TNF-α and caspase-8 activation in the testes [21]. In the current study, 
the mice with 6 months onset diabetes also had a significant increase in TNF-α compared 
to control and nmFGF-1 groups (Fig. 8A), but no increase in caspase-8 activation (Fig. 
8B) in the testis; suggesting that signal activation may be time dependent, where the 
signals had already occurred because cell death was already activated. The treatment with 
nmFGF-1 was able to significantly decrease TNF-α (Fig. 8A) and caspase-8 activation 
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(Fig. 8B) compared to diabetic mice, in addition, nmFGF-1 mice with and without 
diabetes also decreased cleaved-caspase-8 compared to control mice (Fig. 8A) leading to 
the conclusion that nmFGF-1 prevents the early cell death signaling to protect the testes 
from germ cell death. 
The protection by nmFGF-1 from diabetes-induced oxidative stress 
Diabetes is known to cause hyperglycemia that induces extra generation of 
reactive oxygen or nitrogen species (ROS and RNS) [32]. The body protects itself from 
extra ROS generation-mediated damage through multiple antioxidant pathways including 
the nuclear transcriptional factor (Nrf-2) pathway via increased antioxidant transcription. 
ROS interacts with Keap1 that binds Nrf-2, letting the Nrf-2 to be released from Keap1, 
allowing Nrf-2 to go into the nuclei activating antioxidant responsive elements (ARE); 
including superoxide dismutase 2 (SOD2) and catalase [32]. We demonstrated that 
diabetes increased oxidative damage as observed in 4-Hydroxynonenal (4-HNE) staining 
compared to all other groups (Fig. 9), and addition of nmFGF-1 resulted in no oxidative 
damage. Western blot data illustrated that the phosphorylated-Nrf-2/total-Nrf-2 ratio was 
decreased compared to the control and nmFGF-1, in mice with or without diabetes, was 
able to significantly increase phosphorylated-Nrf-2/total-Nrf-2 and SOD2 (Fig.10) 
compared to the control and diabetic mice, also Catalase expression was increased in 
diabetic mice treated with nmFGF-1 compared to all groups (Fig. 10). The data presents 









Numerous studies have demonstrated the damaging effects of diabetes-induced 
hyperglycemia on a variety of organs including the heart, kidney and even the liver, 
however diabetic testicular complications has not been explored until recent studies by 
our group [14, 19-21, 33]. It has been demonstrated that FGF-1 is protective in the heart 
and spinal cord, but its effect on diabetic testicular complications has not yet been 
examined.  
Diabetes induces apoptotic germ cell death in the seminiferous epithelia of the 
testis. As it is shown in Fig. 2, six months after the onset of diabetes, the testes weight of 
diabetic mice significantly decreased with a significant increase in apoptotic death (Fig. 
3). This trend was also present in previous studies with mice at 3 or 4 months after 
diabetes onset [19-21]. Diabetic mice also demonstrate increased proliferation (Fig.1) 
therefore the decrease in testicular weight proves that there is much more apoptotic cell 
death than growth, which is supported by increased apoptotic death as seen in the 
TUNEL staining (Fig. 3). What is unique is that nmFGF-1 was able to alleviate the 
apoptotic cell death caused by oxidative damage and significantly increase the testes 
weight without the excessive proliferation (Fig. 1), suggesting that nmFGF-1 mainly 
prevents diabetic induction of cell death, instead of promoting cell proliferation, as 
previously understood [24]. The decrease in proliferation in the nmFGF-1 mice models 
also indicate that the excessive proliferation from the native FGF-1 was obliterated.  
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Apoptotic cell death caused by diabetes is evident through activation of both 
mitochondrial and ER cell signaling pathways [21, 33]. Both immunohistochemical 
staining (Fig. 4) and western blot assay (Fig. 5A) showed that diabetes decreased Bcl-2, a 
molecule important for cell survival. Contrary to diabetic mice which indicated a 
decrease in Bcl-2 caused an increase to the Bax/Bcl-2, nmFGF-1 didn’t affect Bcl-2, but 
significantly decreased Bax, the pro-apoptotic mediator, as seen in Fig. 4 and 5A. The 
inhibitory effect of nmFGF-1 on Bax can be related to the protective nature of AKT [34]. 
It has been demonstrated that AKT inhibits Bax and subsequent cytochrome c release in 
the mitochondrial pathway for the prevention of apoptosis [34]. Therefore, the drastic 
increase in phosphorylated to total AKT ratio (Fig. 5B) in the nmFGF-1 diabetic and non-
diabetic mice models is correlated to the depression in Bax. A decrease in Bax through 
the action of nmFGF-1 may also suggest the existence of cross-talk between ER and 
receptor cell death pathways; also noticed as two major pathways in diabetic germ cell 
death [33]. 
ER stress can trigger apoptosis in a mitochondrial-dependent or independent 
fashion, but previous studies suggested diabetes-induced ER stress via cross-talk within 
the intrinsic pathways [33]. Therefore, we used indicators of ER stress such as BiP, ATF-
4, CHOP and caspase-12 because these represent different ER stress pathways (Fig. 6 and 
7). Cellular response to ER stress is mediated through three ER transmembrane receptors: 
pancreatic ER kinase (PKR)-like ER kinase (PERK), inositol-requiring enzyme 1, and 
activating transcription factor 6. PERK is the upstream receptor for activating ATF-4 and 
when there is an accumulation of unfolded proteins, BiP dissociates from the three ER 
transmembrane receptors, which leads to their activation and triggers the unfolded protein 
18 
 
response [35]. However when there is an accumulation of aggregated proteins with 
continued stress, PERK converts it’s function from being pro-survival to apoptotic [36], 
as observed in this study. Therefore, ATF-4 activates CHOP which is located within the 
ER and mediates programmed cell death by promoting protein synthesis and oxidative 
stress. In detecting stress from the diabetes condition, caspase-12 is used as a common 
indicator to sense ER stress due to low oxygen and glucose levels. Caspase-12 and CHOP 
have been strongly linked with their role in communication with the mitochondrial 
pathway [37-39]. Caspase-12 activation is linked to calcium efflux in the cytoplasm 
which activates m-calpain to induce the caspase system in ER stress [37]. The cause of 
the calcium efflux is believed to be caused by Bax causing a conformational change in 
the ER to induce the calcium efflux [38]. CHOP is also directly linked to the 
mitochondrial pathway by inhibiting Bcl-2 to induce apoptosis [39]. BiP (GRP78), 
cleaved caspase-12 and CHOP were increased in the diabetic model (Fig. 6 and 7A), 
supporting previous findings [33]. The nmFGF-1 was able to attenuate protein expression 
of BiP, CHOP, and ATF-4 (Fig. 6A, 7A and B), but not cleaved caspase-12 (Fig. 6B), 
suggesting that nmFGF-1 independently suppresses ER stress caused by diabetes. The 
cross-talk between the ER and mitochondrial pathways for apoptotic protection was not 
evident because nmFGF-1 reduced Bax in the mitochondrial pathway but did not increase 
Bcl-2 whereas in the ER pathway nmFGF-1 lessened CHOP and not caspase-12. 
The death receptor pathway acts independent of the other pathways but also 
activates apoptosis-inducing factors in the mitochondria and ER. The upper arm TNF-α, 
the activator of death receptor pathway and indicator of inflammation, will activate 
caspase-8 leading to apoptosis. Caspase-8 is important in that it can process Bid to 
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activate Bax in the mitochondrial pathway to induce apoptosis and cleave B-cell receptor 
associated protein 31 to induce ER stress when there is apoptosis [40, 41]. In the present 
study, we observed that after 6 months diabetes onset, there was only an increase in TNF-
α, but not cleaved caspase-8 (Fig. 8). Therefore, we assume that caspase-8 was activated 
prior to examination and that signal was no longer present due to substantial cell death 
via other pathways. The nmFGF-1 depressed protein expression of both TNF-α and 
cleaved caspase-8 (Fig. 8), suggesting nmFGF-1’s action on caspase-8 pathway assisted 
in lowering the Bax/Bcl-ratio, relieving apoptosis in both the death receptor and 
mitochondrial pathways. 
The cause of stress in the mitochondrial and ER cell signaling pathways can be 
traced to diabetes-induced hyperglycemia. Chronic hyperglycemia can cause an 
accumulation of ROS and/or NOS. ROS and/or NOS are then able to attack sites such as 
the mitochondria and ER which can cause a further release of ROS and/or RNS which 
leads to cellular damage. 4-HNE staining confirmed that there was an increased oxidative 
damage (Fig. 9) in the 6-month onset of diabetes mice, in agreement with the previous 
studies [33, 42]. Nrf-2 protects cells from oxidative or ER stress by entering the nucleus 
to activate multiple antioxidants; SOD2 and catalase. We found that nmFGF-1 
significantly increased Nrf-2 phosphorylation, SOD2, and catalase expression (Fig. 10), 
indicating that nmFGF-1 may protect the testes from oxidative damage via the activation 
of Nrf-2 function. 
In conclusion, native FGF-1 has been known as a vasodilator, neuromodulator, 
and stimulates angiogenesis using its highly proliferative nature but through this study we 
observed that FGF-1 can protect from oxidative stress in the testes caused by diabetic-
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hyperglycemia without the mitogenic effects using the nmFGF-1. Therefore, the 
prevention of testicular cell death under diabetic conditions by nmFGF-1 may be 
predominantly mediated by its prevention of apoptotic cell death, rather than stimulation 
of testicular cell proliferation. This is consistent with the finding that TUNEL staining 
along with the testes weight showed that nmFGF-1 had a preventative effect on diabetes-
induced apoptosis and testis weight loss. For determining the predominant pathway in 
suppressing diabetes-induced apoptosis, we have examined the known pathways of 
diabetes induced cell death. Allowing us to conclude that nmFGF-1 may act on the 
mitochondrial pathway to suppress apoptosis through cross-talk with the cell death 
receptor pathway and AKT, in addition nmFGF-1 causes an independent suppression of 
ER stress. However, the nmFGF-1 may protect from diabetes-mediated oxidative damage 

































































Figure 1. nmFGF-1 prevented cell proliferation in the testes of diabetic mice. PCNA 
immunohistochemical staining was used to show the positive (proliferative) nuclei of 
spermatogonia, primary and secondary spermatocytes. Positive cells were divided by 
number of tubules and multiplied by 100 to represent the number of PCNA per 100 














































































































Figure 2. nmFGF-1 alleviated testicular weight loss in diabetic mice. The  average 
body weight (g) of each mouse group (A) shown with the average tibia length (mm) (B). 
The testis/tibia (mg/mm) ratio (C) was determined to exhibit the weight change of mouse 































































Figure 3. TUNEL staining of nmFGF-1 indicates reduced diabetes-induced testicular 
apoptosis. To measure the apoptosis in testis, TUNEL immunohistochemical staining was 
detected in nuclei of spermatogonia, primary and secondary spermatocytes. TUNEL 
positive cells were calculated and represented as described for PCNA in Fig. 1. Data is 





















































Figure 4. Immunohistochemical evaluation indicates nmFGF-1 prevents diabetes-
induced mitochondrial associated apoptotic death. Immunohistochemical staining of 
Bax and Bcl-2 as well as the Bax/Bcl-2 ratio. Data is presented as mean ± S.D.  


























































































Figure 5. nmFGF-1 inhibits diabetes-induced mitochondrial associated apoptotic 
death due to AKT activation to inhibit Bax. Western blotting assay was used to confirm 
the expression of both Bax and Bcl-2 (A). Phosphorylated and total-AKT were determined 


































































































Figure 6. nmFGF-1 prevents diabetes-induced ER stress apoptotic death via 
downregulation of BiP. Western blotting assay was used to determine role of BiP (A) and 



























































































Figure 7. nmFGF-1 prevents diabetes-induced ER stress apoptotic death via 
downregulation of CHOP and ATF-4.  Western blotting assay was used to determine 
role of  CHOP (A) and ATF-4 (B) in the ER pathway. Data is presented as mean ± S.D. (* 



































































































Figure 8. nmFGF-1 prevents diabetes-induced TNF-α and caspase-8 activation. 
Western blotting assay was used to determine TNF-α (A) and caspase-8 cleavage (B). 









































































Figure 9. Immunohistochemical representation of nmFGF-1 to prevent diabetes-
induced oxidative stress. Immunohistochemical staining of 4-HNE, followed by a semi-
quantitative analysis, showed a significant increase in 4-HNE accumulation. Data is 







































































































































Figure 10. nmFGF-1 uses antioxidants to protect from diabetes-induced testicular 
oxidative stress. Western blotting assay shows the increase in phosphorylated-Nrf 2 to 
total-Nrf-2 and its downstream gene expression; SOD2 and catalase.  Data is presented as 

























Figure. 11. Illustration of the working mechanisms for nmFGF-1 prevention of 
diabetes-induced germ cell apoptosis. Schematic illustration indicates that diabetes 
triggers oxidative damage (such as 4-HNE) due to hyperglycemic induction of ROS 
and/or RNS. The oxidative damage creates ER stress (BiP, CHOP and caspase-12), 
mitochondrial damage (Bax/Bcl-2), and inflammation (TNF-α and Caspase-8). Most of 
the oxidative damage goes back to the mitochondrial pathway through several signaling 
pathways for which the damaged mitochondrial pathway releases ROS or causes 
apoptosis. CHOP doesn’t go through the caspase system but cross-talks with the 
mitochondrial pathway by inhibiting Bcl-2 [43]. When Bcl-2 is suppressed, there is an 
increase in Bax, the mitochondrial apoptosis-induced channel opens to allow cytochrome 
c release from mitochondrion to activate apoptotic protease activating factor-1 which then 
binds to pro-caspase-9 to activate it and then activated caspase-9 cleaves caspase-3 to 
initiate apoptosis [44], as seen by TUNEL staining. Caspase-12 is thought to be activated 
by Bax due to calcium efflux in the cytoplasm which activates m-calpain switching on the 
caspase system to activated caspase-9 [45]. Finally, oxidative damage leads to 
inflammation and inflammation that can cause oxidative damage. When there is 
inflammation, TNF-α interacts with its receptor and activates caspase-8 that in turn can 
directly activate caspase-3 for apoptosis or can process Bid to activate Bax. The nmFGF-1 
is thought to block apoptosis through the initial step of inhibiting oxidative damage; 
therefore, nmFGF-1 can block ER stress, the mitochondrial pathway and inflammation. 
Caspase-9 and 3 are in a “dashed” cloud because these were not examined in this study, 
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